Abstract: This study introduces the solar chimney power technology, which is a solar thermal energy system. One of the renewable energy resources, this system is an energy transformation system in which solar energy and wind energy are used together. In this system, the air that is heated with solar energy ensures the production of electric energy by moving upwards with the suction effect of the chimney and rotating the turbine that is placed inside the chimney. In this review, the main principles and characteristics of this system are discussed and the developments on the experimental and theoretical investigations carried out with regard to the solar chimneys around the world especially in recent years are shared with the readers. With the study, it is aimed to provide upto-date information to readers who are interested in this subject.
Introduction
Solar chimney is a renewable energy transformation system which consists of mainly three components. Solar energy heats the air under a large collector. The heated air moves towards the centre of the collector under the suction effect of a chimney and activates the turbine that is placed inside the chimney (Fig. 1 ) [1] . The first study about this system was in 1500s, Leonardo Da Vinci made sketches of a solar tower [2] . In 1903, Spanish engineer Isodoro Cabanyes first put forth the idea of using a solar chimney to produce electricity [3] . The first patent application was made in 1975 by Robert E. Lucier. In 1978, the modelling of a concept solar chimney was designed by J. Schlaich [4] . This facility in Manzanares region of Spain had a 122 m of collector radius, 194,6 m of chimney height and 10 m of chimney diameter. W. Haaf published the results of Manzanares pilot study first in 1984 [5] and then he published a book in which the main principles of solar chimneys are accounted first in 1995 and the second in 2004. R.J. Krisst constructed a solar chimney system of 10 W power, 6 m collector diameter and 10 m chimney height in 1983 [6] . Many studies and projects have been performed in the following years. Table 1 . summarizes chimney power plants around the world [7] Table 1. Some solar chimney power plants around the world [7] 
Experimental Investigations
In the literature, many experimental studies have been reported on the feasibility and performance of solar chimneys with various geometries. In their study, Ghorbani et al present an improved concept design with the aim of increasing the thermal efficiency of the Rankine cycle of a typical steam power plant by coupling a solar chimney and a dry cooling tower [8] . A numerical finite volume code was employed for a dry cooling tower with a base diameter and a chimney height of 250 and 200 m, respectively. Changing the hybrid tower geometrical parameters, power ranging from 360 kW to more than 4.4 MW was captured by the wind turbine.
In the study of Shahreza and Imani, an air tank was placed down the system in order to increase the absorption of the solar radiation reflected by the intensifiers. The results of the experiment showed that using the intensifiers led to an increase in the speed value within the chimney, and thus, more power was produced. The maximum speed achieved was 5.12 m/s. And this was noteworthy considering the small size of the SC structure [9] .
Ghalamchi & Kasaeian designed a solar chimney pilot power plant with a 3 m collector diameter and 2 m chimney height. The temperature difference between the temperature at the chimney inlet and within the ambient reached up to 26.3 •C. The report demonstrates that a reduction in the inlet size has a positive effect on the power production performance of the solar chimney. While the entrance speed of the collector was nearly zero, a maximum air speed of 1.3 m/s was recorded inside the chimney [10] . Energy and exergy analyses of the airflow inside a solar chimney are presented in the paper of Maia et al. The results demonstrated that the exergy losses were lower and the efficiency was higher for the lowest ambient temperature that was used as the dead state temperature, by comparison with the instantaneous ambient temperature [11] .
Zuo et al constructed a small-scale experimental device for solar chimneys combined with sea water desalination. The results of their experiment show that the integrated system can achieve a multitargeted production such as power and freshwater, synchronously. The main period of the distilled water output is when the solar irradiance is absent; while the minimum output occurs during a time of strong radiance [12] .
Kasaeian et al measured in their study; the temperatures and air velocities after designing and constructing a solar chimney pilot power plant with a collector of 10 m diameter and chimney height of 12 m. The temperature difference between the collector exit and the ambient reached up to 25•C. While the velocity at the collector inlet was zero; the maximum air velocity of 3 m/s was recorded inside the chimney [13] .
In an experimental system using electrode layouts, it has been observed that performance is increased 28% due to the electrohydrodynamic system used [14] . Hussain H. et al, in the present paper have investigated the impact of the inlet shape of the solar collector on the solar chimney performance experimentally and numerically [15] .
Bouabidi et al, have studied on the effect of the chimney conformation on the solar chimney power plant performance. They focused on studying the solar chimney power plants with: standard, divergent, convergent and opposing chimney. The results show that the chimney form affects the air velocity behaviour [16] .
Fadaei et al, through an experiment have studied the impact of latent heat storage (LHS) on a solar chimney pilot as regards two kinds of experiments including with and without phase change material (PCM) and the parameters like these: temperature and velocity. The results showed that the maximum absorber surface temperature for the solar chimney with phase change material and the conventional solar chimney are 72 °C and 69 °C [17] .
Theoretical and Numerical Investigations
Theoretical and numerical investigations and mathematical modelling of solar chimney were also performed by the researchers. Pasumarthi and Sherif developed a mathematical model in order to examine the effects of some parameters on the power output. Furthermore, they investigated three different types of collector [18] . Bernardes et al. developed comprehensive, analytical and numerical models for the solar chimney. In their model, various environmental conditions were investigated, the output power in solar chimney system was calculated and the system was sized [19] .
Backström and Fluri determined the optimum difference of pressure for the flow intensity. By using the collector model developed by Schlaich, they indicated that a maximum streaming flow intensity by 2/3 of the pressure difference may occur [20] . Sakonidou et al developed a mathematical model for analyzing the natural air flow created within the solar chimney. The model developed also foresees the density and heat of the air in the chimney, and the temperature of the heat absorbed by the absorber surface. The results were verified with experimental studies by prototyping the theoretical model developed [21] . Ming et al. conducted a numerical simulation in order to be able to analyze the heat transfer a solar chimney system created with an energy absorbing layer and the air flow in the chimney. The studies carried out shows that although the enthalpy rate first dropped, later the heat increased with the rise of the radiation from 200 W/m2 to 800 W/m2. Furthermore, the static pressure drops with the increase of the speed and radiation [22] .
Tingzhen et al. carried out a numerical study examining the prototype model in Spain for a system combined with a turbine. In this system, separate mathematical models were established for the collector, chimney and turbine. The mathematical model results were analyzed for the three-wing turbine. The study also introduces a system simulation at MW level for the five-wing turbines [23] . Fluri and Backström proposed flow regulator units in order to reduce the aerodynamic losses occurring during the flow. They simulated turbines with single vertical axis, multiple vertical axis or multiple horizontal axis in order for the chimney performance [24] . Petela carried out an exergy work with theoretical energy balance on the solar chimney. In the study, it was shown that the 36.81 MW solar radiation energy turns into 32.41 MW solar radiation energy, and the other part is distributed to the solar chimney elements [25] .
Maia et al investigated the air flow in the solar chimney in an instable state analytically and numerically. The analyses show that the chimney height and chimney diameter values are the most important parameters for the physical results in chimney design [26] . In a study carried out by Zhou et al, the optimum chimney height values of the system are mathematically modelled in obtaining the maximum power for solar chimney systems [27] . Bernardes et al compared the methods in which the heat flow used in collectors are calculated and their effects on the performance of the solar chimney [28] .
Fluri et al compared the cost analysis models in the literature and saw that realistic values were not obtained. For this reason, they developed a new cost model on a solar chimney physical model they chose and compared in with other models [29] . Zhou et al numerically simulated the rise in the chimney of the mutually streaming air entering the solar chimney. In this analysis they conducted, the static pressure, temperature, density and the relative humidity in the flow, which are parameters affecting the performance were simulated on the opposite plane geometry [30] .
In order to improve effectiveness of the solar chimneys, some researches were carried out [31] . According to Zou et al, the hybrid cooling-tower-solar-chimney system (HCTSC), which integrates solar chimney with natural draft dry cooling tower, produces electricity while at the same time dissipating waste heat for the coupled geothermal power plant. Results demonstrate that the HCTSC system can achieve over 20 times of increase in the power output of turbine, when compared to the traditional solar chimney with similar geometric dimensions [32] .
In the work conducted by Zandian and Ashjaee, a dry cooling tower and a solar chimney design are recombined to expand the thermal effectiveness of a steam Rankine cycle. The rejected warmth from the condenser into the dry cooling tower supplemented by the solar radiation gained through its transparent cover are the sources of wind energy generation that is caught by a wind turbine which is situated toward the start of the chimney. The outcomes demonstrate a maximum of 0.37 percent increment in the thermal effectiveness of a 250 MW fossil fuel power plant unit; which demonstrates that this design is a critical change in effectiveness of thermal power plants, by catching the heat that is scattered from dry cooling towers [33] .
Naraghi and Blanchard tested the model's performances for various parameters of solar chimney that influence the thermal mass of the absorbing plate. They discretized energy balance equations for three components of solar chimneys, these being absorbing plate, cover glass and air-gap, with reference to time using an implicit finite difference model. It was found out that a solar chimney with a relatively large thermal-mass produces a good airflow at night and early in the morning when solar irradiance is absent. An absorbing plate with a high thermal mass leads to smaller variations in the airflow rate [34] .
Guo et al developed a comprehensive theoretical model considering the hourly variation of solar radiation for the purpose of obtaining a more accurate prediction of the annual performance of solar chimney power plants. The influences of the radius of the collector and the chimney on the power output of the SCPP were analyzed; and the results showed that there is a limitation on the maximum collector radius for the maximum attainable power output of the SCPP. Then the researchers put forward four designs of 100 MW SCPPs with different combinations of collector and chimney radius, and the most cost-effective one was selected. In the study, the results show that the power generation of the SCPP presents apparent seasonal variation [35] .
Kasaeian & Ghalamchi present a major mathematical model describing the flow. The performance evaluation of solar chimney was simulated utilizing operational and geometric configurations. It is revealed that the velocity value can be raised up to 4-25% in different cases [36] . Furthermore, the analysis suggested that the height and diameter of the chimney are the most significant physical variables for a solar chimney design. For the purpose of determining the optimum configuration of the solar chimney power plant, Dehghani and Mohammadi applied a multi-objective optimization method using revolutionary algorithm techniques. The power output and capital cost of the plant are the two objective functions which are simultaneously considered in their analysis. The results demonstrate that the power output of the plant increases linearly as the solar irradiation increases; and the increase in the ambient temperature leads to a slight decrease in the power output of the plant [37] .
Feasibility studies [38] , demonstrated that SCPP investment cost, capacity of the plant and chimney height are significant in assessing the project viability . Mathematical modeling and numerical simulation of solar chimneys using the geometric parameters of Manzanares were performed by some researchers [39] . Sangi et al conducted two diverse numerical simulations to evaluate the effectiveness of the model [40] .
Gholamalizadeh and Kim used a three-dimensional unsteady turbulent model to analyze the effects of the solar insolation and pressure drop across the turbine on the flow and heat transfer of the system. Also, they compared the enthalpy rise through the collector and energy loss from the chimney outlet between one band and two band radiation model [41] . On the other hand, Cao et al investigated the performance of the geothermal-solar chimney power plant (GSCPP) with the same main dimensions as the Manzanares, in figure 2. They compared three operation models, i.e. the full solar model, the full geothermal model and the geothermal-solar combined model in normal summer and winter days and year round. Consequently, the power generation under GSM was found larger than the sum of FSM and FGM [42] .
In the study, Li et al calculate the total net present value (TNPV) and the minimum electricity price in each phase by dividing the whole service period into four stages based on the model and certain assumptions for values of parameters.
The analysis shows that RCSCPP (Reinforced concrete solar chimney power plant) has great advantages over coal-fired power plants in stages 2-4. Furthermore, in the sensitivity analysis performed in their paper, it was found out that TNPV is very sensitive towards the changes in the solar electricity price and inflation rate, but responds only slightly to changes in carbon credits price, income tax rate and interest rate of loans. The governments should provide subsidy by setting higher electricity prices in the first stage, and then a lower electricity price in the other phases in order to encourage the development of the RCSCPPs [43] .
In their study, Patel et al aim to optimize the geometry of the major components of the SCPP using a computational fluid dynamics (CFD). The best configuration was achieved using a chimney with a divergence angle of 2 and chimney diameter of 0.25 m alongside with a collector opening of 0.05 m and collector outlet diameter of 1 m [44] . The study of Lebbi et al aims to numerically investigate the airflow behaviour via a solar chimney. In their work, the researchers showed that the hydrodynamic field is directly controlled by changing the tower dimensions. Nevertheless, the thermal field is indirectly controlled by decreasing the system mean temperature [45] . Guo et al used a three-dimensional numerical approach with the aim of examining the influence of solar radiation, turbine pressure decrease and ambient temperature on the performance of the system. Simulation results showed that the radiation model is fundamental in preventing the overestimation of energy absorbed by the solar chimney power plant (SCPP). The predictions of the maximum turbine pressure decrease with the radiation model are more consistent with the experimental data than data neglecting the radiation heat transfer inside the collector. Furthermore, the variation of the ambient temperature has little impact on the increase of the air temperature despite its obvious effect on air velocity [46] .
In the paper of Chen et al, a low-temperature waste heat recovery system is proposed based on the solar chimney concept. The mathematical model of the system is established based on the first law and second law of thermodynamics. Consequently, the air velocity exhibits a better stability than the mass flow rate of air and the pressure difference when the temperature of the heat source, the temperature of the ambient air or the area of heat transfer change [47] .
In the paper, Cao et al built a program based on TRNSYS in order to simulate the performance of SCPPs. The main meteorological parameter influencing the SCPP performance is identified by means of this program. Furthermore, the configuration size design and techno-economic analysis of commercial SCPPs are performed for areas that are not included in TRNSYS database. The researchers concluded that the SCPP power generation is more relevant to the local solar irradiation than to the ambient temperature [48] . The qualities found by Guo et al in the literature for the ideal proportion differ between 2/3 and 0.97. Nonetheless, in this study, the ideal proportion was found to fluctuate with the intensity of solar radiation, and to be around 0.9 for the Spanish model. Also, the ideal proportions got from the analytical methodology are close those from the numerical simulation [49] . Chimney height-collector radius with two models [52] relation ( I= 263 W/m 2 ) [52] Both transversal and longitudinal convection rolls are distinguished in the collector, which show the existence of a Rayleigh-Be'nard-Poiseuille instability. The researchers observed a local separation close to the chimney inflow [51] .
The paper of Hamdan shows a numerical thermal model for steady state airflow inside a solar chimney power plant using modified Bernoulli equation with buoyancy effect and ideal gas equation (In figure 4) [52] . The outcome demonstrates that utilizing a constant density assumption through the solar chimney can improve the analytical model; nevertheless, it over predicts the power production. The maximum power production relies on the turbine head; and the connection is not monotonic (In figure 5 ) [52] .
In the paper of Cao et al, a heat transfer model that is utilized to compare the performance of a conventional solar chimney power plant (CSCPP) and two sloped solar chimney power plants (SSCPPs) with the collector oriented at 30° and 60° are analyzed. Results show that the bigger solar collector angle prompts enhanced performance in winter yet brings about lower performance in summer. The researchers found that the optimal collector angle to accomplish the most maximum power in Lanzhou, China, is around 60° [53] .
In the paper of Koonsrisuk and Chitsomboon, the CFD technology is utilized to explore the progressions in flow properties brought on by the changes in the area of flow. It is discovered that the sloping collector roof influences the performance of the plant. The best possible combination between the sloping collector roof and the divergent-top chimney can create power as much as hundreds times than that of the conventional solar chimney power plant [54] .
In the work conducted by Zandian and Ashjaee, a dry cooling tower and a solar chimney design are recombined to expand the thermal effectiveness of a steam Rankine cycle. The rejected warmth from the condenser into the dry cooling tower supplemented by the solar radiation gained through its transparent cover are the sources of wind energy generation that is caught by a wind turbine which is situated toward the start of the chimney. The outcomes demonstrate a maximum of 0.37 percent increment in the thermal effectiveness of a 250 MW fossil fuel power plant unit; which demonstrates that this design is a critical change in effectiveness of thermal power plants, by catching the heat that is scattered from dry cooling towers (In figure 6 ) [55] . The mathematical model of Koonsrisuk & Chitsomboon is utilized to foresee the performance attributes of large-scale commercial solar chimneys, demonstrating that the plant size, the element of pressure drop at the turbine, and solar heat flux are essential parameters for the improvement of the performance. The researchers demonstrate that the ideal proportion between the turbine extraction pressure and the accessible driving pressure for the proposed plant is circa 0.84. A straightforward technique to assess the turbine power output for solar chimney systems is also proposed in the study utilizing dimensional investigation [56] .
The goal of Gholamalizadeh & Mansouri in writing the paper was to present a thorough examination including analytical and numerical models produced to anticipate the performance of a solar chimney power plant in Kerman province of Iran [57] . Their results were given in Fig. 7 .
In his study, Sangi [58] aims to assess the performance of solar chimney power plants certain parts of Iran hypothetically and to project the amount of the electric energy generated. A mathematical model in view of the energy balance was created in order to project the power output of solar chimneys and additionally to inspect the impact of different surrounding conditions and structural dimensions on power production. The solar chimney power plant with a chimney height of 350 m chimney height and a collector diameter of 1000 m can create an average of 1-2 MW electric control per month throughout the year.
Figure 7.
Comparison of measured electrical power of the prototype and the numerical simulation model [57] Li et al propose an extensive hypothetical model for the performance assessment of a solar chimney power plant (SCPP); This model makes note of the impacts of flow and heat losses, and the temperature lapse rates inside and outside the chimney. There is a maximum power output for a specific SCPP under a given solar radiation condition, because of flow and heat losses and the establishment of the turbines. The power output of the turbine and the system effectiveness can then be expressed as follows (1): (1) where η t , Qv and r c represent the turbine total-to-total efficiency, the volume flow rate of the system and the collector radius, respectively. (I ra : solar radiation [W/m 2 ]) [59] Koonsrisuk develops a mathematical model for the sloped solar chimney system. Results demonstrate that utilizing a near-unity ratio of the collector inlet flow area and the collector exit flow may bring about a few issues. The researcher also examines the supposition that the density contrasts in the collector and that in the chimney are almost equal [60] .
In the work conducted by Hurtado et al, the thermodynamic behaviour and the power output of a solar chimney power plant over a daily operation cycle is examined considering the soil as a heat storage system, via a numerical modelling under non-steady conditions. A sizeable increment of 10% in the output power is acquired when the soil compaction increments [61] .
Zuo et al present a new solar chimney power system with combination of sea water desalination for the production of electricity and crisp water in their paper. Through hypothetical investigation, the researchers have shown that the combined system can altogether enhance the solar energy utilization efficiency and the land resources utilization efficiency, in the meantime [62] . Inclined solar chimneys and effect of the inclination angle were investigated several researchers ( [63] , [64] , [65] . The researchers demonstrate that external winds improve the kinetic power of the emerging air [66] .
In their paper, Cao et al designed a sloped solar chimney power plant, which is required to give electric energy to remote towns in Northwest China. The designed plant, in which the height and Simulation results demonstrate that parameters of the sloped solar chimney power plant are symmetrical and stable; the power plant has a better performance in spring and autumn days; and the general productivity of the power plant is low [67] .
In his study, Hamdan performed a simplified thermodynamics analytical model for enduring airflow inside a solar chimney. The investigation demonstrated that chimney height and turbine pressure head are the most critical physical variables for the solar chimney plan. A solar chimney power plant with a chimney height of 500 m and a collector roof diameter of 1000 m would create no less than 8 MW of power [68] .
In their paper, Xu et al perform numerical simulations on air flow, heat transfer and power output properties of a solar chimney power plant model with energy storage layer and turbine like the Spanish model. The numerical simulation results uncover that when the solar radiation and the turbine productivity are 600 W/m 2 and 80%, respectively, the output power of the system can reach 120 kW. Furthermore, large mass flow rate of air flowing through the chimney outlet turn into the fundamental driver of energy loss in the system. The collector canopy also causes a lot of energy loss [69] .
Bernardes and Backström performed numerical simulations in order to examine the performance of two plans of power output control applicable to solar chimney power plants. Values found in the literature for the optimum ratio of turbine pressure decrease to pressure potential change between 2/3 and 0.97. The authors demonstrate that the optimum ration is not constant all day long and it is dependent on the heat transfer coefficients applied to the collector [70] . Koonsrisuk et al found in their study ratio of height/radius, maximum mass flow rate and maximum power under the limitations of a fixed region and volume. The examination is approved by an extensive mathematical model [71] . Zhou et al propose to construct a solar chimney power plant (SCPP) in Tibet Plateau. The researchers found that if the SCPP is constructed in the plateau, it can generate twice the power an SCPP built on the same latitude of other regions [72] .
The results obtained by Larbi et al demonstrate that the solar chimney power plant can generate from 140 to 200 kW of power on a site like Adrar amid the year, as per a projection on the monthly average of sunning [73] . Nizetic & Klarin present a simplified analytical approach for assessing the element of turbine pressure decrease in solar chimney power plants. They conclude that turbine pressure decrease factors are in the range of 0.8-0.9 for solar chimney power plants [74] .
Lu Zuo et al, have investigated a model of wind supercharged solar chimney power plant combined with seawater desalination. The results show that, although solar chimney power plant with seawater desalination can extremely improve the solar energy extensive employment, but the power generation is decreased. The result of studies shows that in this paper, the wind pressure ventilator could remarkably increase the power generation and as well as increase the freshwater production by supplying a negative pressure at the chimney outlet [75] .
Omar A et al, introduced a optimization of the solar chimney power density and detailed numerical examination under various operating situation, They presented a model of the solar irradiance with using the discrete ordinates (DO). The results of present numerical simulation show that the chimney collector has a most efficient radius that powerfully on the operating solar irradiance. The result of studies for optimum collector radius, efficiency and power density shows an optimum collector radius [76] .
Aakash et al, have investigated a parametric three dimensional computational fluid dynamics (CFD) analysis of solar chimney power plant to demonstrate the effects of collector's slope and chimney diverging angle on operation of Manzanares example. The simulations results of CFD show that several numerical simulations on varying collector's slope and chimney diverging angles, the performance of solar chimney is improved. They could found although velocity and temperature increases with increasing collector's slope due to heighten heat transfer and mass flow rate, but at the same time higher collector slopes decreases the smooth air flow by developing vortices and recirculation of air, which blocks the air flow and reduce the overall performance [77] .
Ayadi et al, performed a broad survey of the characteristics of a solar chimney power plant (SCPP) using numerical and experimental way. Their review also noted that the collector roof height is very influential on the optimization of the SCPP. In fact, results indicate an increase in the generated power while decreasing the collector roof height [78] .
Cao et al, simulated the full-year power capacity of the conventional solar chimney power plant and sloped solar chimney power plant with maximum solar radiation angle and maximum power generation angle. They discussed the key factors influencing the collected power generation. Results indicated the system height and increase of the air flow temperature rise in the solar collector are the two major factors those determine the solar chimney power plant power capacity and accumulated power generation [79] . Hua et al, designed a novel roof solar collector to supplying hot water and space heating to enable effective collection of solar heat as well integrating naturally. They developed and validated a dynamic numerical model with experimental data [82] .
Mostafa A.H et al, the present paper focus on the performance of the solar chimney power plant in six different locations in Saudi Arabia is investigated all over the year. They published a numerical model has been validated against experimental data and used to investigate the performance. The results show that a solar chimney power plant with 194 m chimney height and 244 m collector diameter is able of producing monthly average 56 kW electric power over a year in Riyadh city. They found that the solar chimney power plant could be an important supplement for energy in Saudi Arabia [83] .
Conclusion
Solar chimneys gain importance especially for developing countries with large flat areas as a result of such factors as its simple structure that does not require advanced technology and the fact that it requires little maintenance. That it is used in the areas where the wind power is not economical and the opportunity to use below the collector as a greenhouse provides the collector advantage. It also stands out for the developed countries as a result of its environmental consciousness. Although it covers a large area when compared to the amount of energy it produces, the efficiency and investment costs are also improved with the developing technology. For this reason, the analysis and feasibility work and optimization gained importance.
In this study, a detailed and up-to-date literature was summarized. It was observed that in these works the number of simulations dominated numerical works is higher and the theoretical works are more prevalent by taking restricted experimental data in mathematical modelling. Here, the investment cost and the need for a large place of experimental systems are probable. It is wellknown that the increase in the energy output to be obtained from the system depends on a good knowledge on the behaviours of the components in this system and the choice of heat sensitive material. Furthermore, the performance can also be improved by using the system as a hybrid system in accordance with the geographical location, meteorological conditions and economical situation. Thus, the way to solar chimney systems as a future economical environmental method will be paved.
